Abstract Biodiversity conservation and restoration in cities is a global challenge for the 21st century. Unlike other common ecosystems, urban landscapes are predominantly covered by gray, artificial structures (e.g., buildings and roads), and remaining green spaces are scarce. Therefore, to conserve biodiversity in urban areas, understanding the potential conservation value of artificial structures is vital. Here, we examined factors influencing the distribution of ferns in building gaps, one of the more common artificial structures, in urban Sapporo, northern Japan. We observed 29 fern species, which corresponds to 30 % of all fern species previously recorded in Sapporo. The four dominant species were Equisetum arvense, Matteuccia struthiopteris, Dryopteris crassirhizoma, and Athyrium yokoscense. Statistical analyses showed that their distribution patterns in building gaps were associated with both local-and landscape-scale environmental factors. Although ground cover type and distance from continuous forests were the most important determinants, other factors such as the amount of solar radiation, habitat age (years after building development), and urban district type also affected fern distribution. These results suggest that building gaps act as an important habitat for ferns in highly urbanized landscapes. Policy makers and city planners should therefore not overlook these cryptic habitats. Clarifying the ecological functions of artificial structures will both further our understanding of novel ecosystems and develop a new framework for conserving and restoring biodiversity in human-modified landscapes.
Introduction
Urbanization is one of the main causes of global biodiversity decline in the 21st century (McKinney 2002; Grimm et al. 2008) . Although urban areas around the world arguably represent the most intensive land-use type (Foley et al. 2005) , they have potentially high ecological value for regional biological communities (Imhoff et al. 2004; Yamaura et al. 2011) . Indeed, the distributions of rare and endemic plants and animals are often spatially overlapped with urbanized areas (e.g., Kowarik 2011). Urban biodiversity is also essential for the maintenance and improvement of human well-being and health (Fuller et al. 2007; Irvine et al. 2013) . Even in urban areas, contact with nature has a crucial role in engaging and reconnecting people with the natural world (i.e., reducing the Bextinction of experience^ ; Miller 2005; Soga et al. 2015) . Consequently, increasing attention has been given to the conservation and restoration of biodiversity in urban areas (Dearborn and Kark 2010) .
Nonetheless, conserving and restoring biological diversity in urban areas is challenging (Blair 1996; McKinney 2002; Stagoll et al. 2010) , largely because green spaces, vital habitats for urban wildlife (Ikin et al. 2013; Soga et al. 2014) , are typically scarce in urbanized areas (Fuller and Gaston 2009 ). Rather, large portions of the landscape are dominated by artificial structures (e.g., roads, houses and high-rises; so-called Bgray infrastructure^) that do not exist in natural ecosystems. This drastic land-use modification greatly alters both abiotic and biotic conditions (Gaston 2010) , and makes urban landscapes a Bnovel ecosystem^ (Hobbs et al. 2006; Faeth et al. 2011) . Therefore, to successfully conserve biodiversity in urban areas, focusing on the conservation value of remaining green spaces is insufficient. However, as such a green space-based approach has long been the standard in urban ecological studies (Alvey 2006) , the potential ecological roles of artificial structures are mostly unknown.
Building gaps are common in urban environments (Moonen et al. 2012) , and in Japan, their size and other attributes are often legally determined by various safety and aesthetic considerations (e.g., fire safety and shading of nearby buildings; The Building Standard Law of Japan 2013). In the city of Sapporo, the total area of building gaps (1368 ha, calculated by multiplying the perimeter distance of all buildings by an average gap width of 0.6 m; The Geographical Survey Institute 2011; see Fig. 1 ) amounts to 60 % of that of all public green spaces in the city. Given the spatial extent of building gaps in the urban matrix (Fig. 1) , understanding their potential conservation value represents a potentially important opportunity to conserve urban biodiversity (Goddard et al. 2010 ). In particular, as building gaps are generally not managed after development, they are likely to act as Bcryptic habitats^hidden in urban environments.
Ferns are a suitable taxon with which to investigate the ecological roles of building gaps for several reasons. First, ferns occupy even tiny microhabitats within urban areas (e.g., stone-and roadside walls: Murakami et al. 2007; Murakami and Morimoto 2008) . Second, because the environmental conditions of building gaps are often similar to those of natural fern habitats (i.e., shady environments), building gaps are likely habitats for several fern species. Third, since ferns disperse efficiently via small, lightweight spores (Barrington 1993), they can colonize many potentially suitable habitats despite landscape-scale factors affecting their distributions (Faria et al. 2007 ).
Here, we investigated factors affecting the distribution of ferns in building gaps in Sapporo, northern Japan. Results showed the general prevalence of ferns in building gaps and that fern distribution was influenced by a combination of local-and landscape-scale environmental factors. Based on these results, we suggest that clarifying the ecological roles of cryptic habitats hidden in urban areas would enhance our understanding of urban ecosystems and further the development of novel conservation methods.
Methods

Study area and site selection
All fieldwork was conducted in Sapporo, Hokkaido, northern Japan. Sapporo is densely populous, with nearly 2,000,000 people in an area of only 1121 km 2 (Sapporo City Statistical Report 2012). Sapporo is located in southwest Hokkaido on the Ishikari Plain. Annual mean air temperature and total annual precipitation in the region are 8.5°C and 1007 mm, respectively. A continuous forest in southwestern Sapporo accounts for 63 % (706 km 2 ) of the overall green space in the city (Greenery Promotion Department, Environmental Bureau, Sapporo 2011). Ninety fern species were found in Sapporo city including our study area and surrounding forest areas (Hara 1992) . Almost all these species are forest species, and the surrounding forests can be source habitats for the habitats in the urban area.
In our study area, all residential areas were categorized into land-use districts (hereafter called district types) according to the ratio of the building footprint area to the total floor area , covering as wide a range of district types as possible, and with each study site comprising one district type only ( Fig. 2 ; Table 1 ).
Field surveys
Field surveys were conducted from June to August 2013. We established survey plots at all accessible building gaps, excluding those that were artificially managed. To determine whether building gaps were artificially managed, we also conducted interviews for residents. We recorded all fern species in each survey plot (i.e., building gaps) based on Asano and Kuwabara (1990) and Iwatsuki (1999) and Kurata and Nakaike (1997) , excluding artificially landscaped areas. When it was difficult to identify the plant species occurring the plots, we collected specimens, and identified them in the laboratory. We also recorded two local-scale environmental factors: ground cover type and habitat age (years after building development). Ground cover was classified into one of three categories: gravel (class 1, particle size >11 mm), soil (class 2, <10 mm), and bryophytes (class 3). These categories are rough proxies for ground humidity, whereby gravel is likely to be least humid, soil is intermediate, and bryophytes are most humid. Habitat age was also classified into four categories: less than 10 years (class 1); 11-20 years (class 2); 21-30 years (class 3); and >31 years (class 4). We established survey plots so that each plot contained uniform ground cover types and habitat ages. Plot area and the number of survey plots per study site ranged from 1.0 to 27.0 m 2 (mean 4.7±2.7 SD), and from 5 to 37 plots (mean 27.9±6.3 SD, total 2373), respectively. 
GIS analyses
We calculated the amount of solar radiation and the distance from continuous forest for each study site using Geographical Information System software [ArcGIS 10.0; Environmental Systems Research Institute (ESRI), Redlands, CA 2011] . To calculate the amount of solar radiation, we used laser profiler data provided by the Hokkaido Development Bureau (hereafter called LP data). LP data are topographical data measured by aerial laser surveys. Aerial laser surveys obtain three-dimensional spatial data by analyzing pulses emitted from an airborne laser as they reflect off the ground and return. The accuracy (standard deviation) of the original data is <25 cm horizontally. We used the original LP data without removing structures (e.g., houses, office buildings). We assumed the surface of each structure was flat, and used the building height as the maximum value of lazar point. Then, we created 0.5-m resolution digital surface models (DSMs) of our survey areas. To calculate the amount of solar radiation (the sum of direct solar radiation and sky solar radiation) during the field survey, we used ArcGIS Spatial Analyst tools and our DSMs, assuming the solar radiation levels on July 1, 2013 (from 4.1 to 5829.6, mean 2459.4±1160.6 SD). We defined the solar radiation of each plot as the maximum radiation value for that plot. For each survey plot, we also measured the straight-line distance from the nearest continuous forest (Fig. 2) .
Statistical analyses
We examined the occurrence probabilities of four fern species found in >5 % (120 plots) of all survey plots: Equisetum arvense (Fig. 3a) , Matteuccia struthiopteris (Fig. 3b) , Dryopteris crassirhizoma (Fig. 3c) , and Athyrium yokoscense (Fig. 3d : see also Appendix 1). These four fern species differ markedly in their habitat preferences (E. arvense: roadsides, M. struthiopteris: grasslands, D. crassirhizoma: forest floors, A yokoscense: forest edges; Asano and Kuwabara 1990; Iwatsuki 1999; Kurata and Nakaike 1997) . Additionally, we grouped another 25 observed species into a single group (hereafter called OTHERS25, and for convenience, referred to as a fifth Bcollective^fern species) and examined its collective The ratio of the area to total building floor occurrence probability in later analyses. All 25 species in this group have similar woodland habitat preferences (Asano and Kuwabara 1990; Iwatsuki 1999; Kurata and Nakaike 1997) . All analyses were performed in R version 3.0.2 (R Core Team 2013). To investigate the effect of each environmental variable on the occurrence probabilities of the five fern species (four major species and OTHERS25), we used generalized linear mixed models (GLMMs) with the 'glmer' function in the lme4 package (Pinheiro et al. 2007 ). Ground cover types (classes 1-3), habitat age (classes 1-4), district types (classes 1-5; see Table 2 ), the amount of solar radiation, and the distance from continuous forest were used as continuous explanatory variables. To control for the effects of site-specific factors, we used site ID (85 sites) as a random effect.
In this study, survey plot size varied among the study plots (min 1.0, max 27.0 m 2 ). Thus, even if the occurrence probability of a fern species per unit of area is constant, the plot-level occurrence probability changes with plot area. Therefore, we assumed that the number of individuals followed a Poisson distribution and used the probability that at least one individual occurs at each survey plot (Boccurrence probability^hereafter) as a response variable. We used a complementary log-log link function (c-loglog; McCullagh and Nelder 1989), with survey plot area as an offset term to account for differences in area among survey plots:
where N i is the number of individuals in plot i and Prob(N i ≥1) is the probability that at least one individual occurs in plot i (i.e., the occurrence probability). β 0 is the model intercept, while x i and β are covariates of plot i and their coefficients, respectively. A i is the area of plot i and log(A i ) is an offset term, whose coefficient we fixed as 1. The random effect is not shown in this equation. The five explanatory variables were not highly correlated with each other (|r|<0.31; Appendix 2). We built full models, including all five explanatory variables (ground cover type, habitat age, district type, the amount of solar radiation, and distance from continuous forests) for each species. Using the coefficients derived from the full models, we plotted the occurrence probabilities as predicted by each of the five explanatory variables. Although ground cover type, habitat age, and district type were not strictly continuous values, we included their predicted curves for convenience. 
Results
In 2373 study plots (building gaps), we observed 29 fern species (mean 0.87±0.80 SD, range: 0-8). All of them were native species in Japan, and no endangered species were included. Although there were two open-land species (E. arvense and M. struthiopteris), main habitats of the other species were forests. The four most commonly observed species were E. arvense (observed in 54 % of our study plots), M. struthiopteris (8 %), D. crassirhizoma (6 %), and A. yokoscense (6 %) (Appendix 1).
Landscape-scale environmental factors
For D. crassirhizoma, the highest occurrence probabilities were predicted in category 5 districts, whereas those of E. arvense were predicted in category 1 districts ( Fig. 4 ; Tables 1  and 2 ). The probability of E. arvense occurrence increased significantly with increasing distance from continuous forest, whereas those of the other four fern species significantly decreased ( Fig. 4 ; Table 2 ).
Local-scale environmental factors
Ground cover types significantly affected the occurrence probabilities of all five fern species. E. arvense occurrence probabilities were highest in gravel-covered plots, whereas those of the four other species were highest in plots with bryophyte cover (Fig. 4 ; Table 2 ). Furthermore, E. arvense and A. yokoscense occurrence probabilities increased significantly with increasing habitat age ( Fig. 4 ; Table 2 ). Athyrium yokoscense, D. crassirhizoma, and OTHERS25 occurrence probabilities were all negatively related to the amount of solar radiation ( Fig. 4 ; Table 2 ).
Discussion
To our knowledge, this is the first study to demonstrate the ecological importance of building gaps, which represent large portions of the urban landscape (Fig. 1) . Overall, our results show that the distribution of ferns in urban building gaps was influenced by both local-and landscape-scale environmental factors. We observed 29 fern species in our field surveys, which represent 30 % of all fern species previously recorded in Sapporo City (90 species; Hara 1992). Furthermore, the most common species, E. arvense, was found in more than half of the building gaps. These results suggest that building gaps potentially function as wildlife habitats even in highly urbanized landscapes, showing important implications for the conservation and restoration of biodiversity where most natural areas have already been lost (Fuller and Gaston 2009) . Artificial structures such as building gaps have been dismissed as gray infrastructure (inhospitable habitat matrices surrounding focal green spaces), and their conservation values largely overlooked (Bengston et al. 2004) . This is partly because, as the majority of building gaps fall on private property, normal statutory management options do not apply (Norton 2000) . However, since creating and maintaining new green spaces in urban areas is costly (Naidoo et al. 2006) , conservation programs focusing on artificial structures may represent a cost-effective and worthwhile alternative (cf. Burban reconciliation ecology^; Rosenzweig 2001; Francis and Lorimer 2011) .
In this study, the occurrence probabilities of M. struthiopteris, D. crassirhizoma, A. yokoscense, and OTHERS25 were negatively related to their distance from continuous forest, suggesting that continuous forests surrounding urban areas act as source habitats for ferns, which is consistent with studies on other taxa (e.g., butterflies: amphibians: Fuyuki et al. 2014; birds: Natuhara and Imai 1999) . On the other hand, the probability of E. arvense occurrence was positively related to its distance from continuous forest. This contrasting distribution of E. arvense can be explained by the species' ecology. Unlike other ferns, E. arvense is adapted to sunny and dry habitats such as agricultural or cleared lands, and roadsides (Williams 1979; Andersson and Lundegårdh 1999) . In our study areas, these open lands are usually found some distance from continuous forests (K. Kajihara, unpublished data), likely explaining our result. Fig. 4 Relationships between the occurrence probabilities of five fern species and ground cover type, habitat age, district type, solar radiation, and distance from continuous forest. Predicted lines were derived from generalized linear mixed models (GLMMs; see details in the main text). Solid and broken lines indicate significant (P<0.05) and non-significant effects, respectively, of each explanatory variable. In producing these figures, we used the appropriate mean values for plot area and the environmental variables, and zero for the random effects Fern distribution was also affected by district type. For D. crassirhizoma, the highest occurrence probabilities occurred in the most urbanized district type (category 5 districts). This was unexpected, since D. crassirhizoma is a woodland species usually found on the forest floor (Asano and Kuwabara 1990; Iwatsuki 1999; Kurata and Nakaike 1997) . One potential explanation is that tall buildings acted like the forest canopy, creating a shaded microenvironment similar to the forest floor (cf. Decandido and Allen 2006) .
In addition to landscape-scale environmental factors, local-scale factors (ground cover type, the amount of solar radiation, and habitat age) also affected fern distributions. The occurrence probabilities of D. crassirhizoma, M. struthiopteris, A. yokoscense, and OTHERS25 were higher in relatively shady plots and plots with significant bryophyte cover (i.e., more moisture; Fig. 4 ). Bryophyte cover may help to retain ground moisture (Pharo et al. 1999) , and consequently to facilitate fern growth. Solar radiation is detrimental to fern persistence because it causes habitat desiccation (Richard et al. 2000) . Therefore, it is not surprising that both ground cover type and the amount of solar radiation have strong effects on fern distribution (Fig. 4) .
Habitat age also influenced fern distribution patterns. The occurrence probabilities of both E. arvense and A. yokoscense were positively related to habitat age (Fig. 4) , suggesting that the colonization and establishment of ferns in building gaps may take considerable time, as seen in the range expansion of other exotic species (Sakai et al. 2001) . This result raises the possibility that populations of some species can recover as urban ecosystems mature (cf. Yamaura et al. 2012) . This is an important point, as urban biological communities are usually thought to degrade as cities age (Hahs et al. 2009; . Urban biological communities likely have longer-term, more complex dynamics than previously thought (Ramalho and Hobbs 2012) .
At present, cities around the world are expanding and becoming denser (Seto et al. 2012 ). Indeed, the number of mega cities (cities with more than 10 million people) has increased more than tenfold in the past 50 years (United Nations 2011), which suggests that the world's ecosystems are changing toward more human-built, modified, and engineered systems. We show that even in highly modified landscapes, artificial structures can harbor and even create suitable habitat, and that both local-and landscape-level factors affect their function. Therefore, to conserve and restore urban biodiversity, city planners and policy makers should not overlook the conservation potential of these cryptic habitats that are Bhidden in plain sight.Â lthough we studied only ferns in building gaps, other types of artificial structures (e.g., drainage channels and stone masonry) likely act as cryptic habitats for other taxa. Clarifying the potential ecological functions of artificial structures in urban areas will lead not only to a better understanding of novel urban ecosystems (Hobbs et al. 2006 ), but to a novel framework for conserving and restoring urban biodiversity.
